Recently, several research groups have reported the growth of germanene, a new member of the graphene family. Germanene is in many aspects very similar to graphene, but in contrast to the planar graphene lattice, the germanene honeycomb lattice is buckled and composed of two vertically displaced sub-lattices. Density functional theory calculations have revealed that free-standing germanene is a 2D Dirac fermion system, i.e. the electrons behave as massless relativistic particles that are described by the Dirac equation, which is the relativistic variant of the Schrödinger equation. Germanene is a very appealing 2D material. The spin-orbit gap in germanene (~24 meV) is much larger than in graphene (<0.05 meV), which makes germanene the ideal candidate to exhibit the quantum spin Hall effect at experimentally accessible temperatures. Additionally, the germanene lattice offers the possibility to open a band gap via for instance an externally applied electrical field, adsorption of foreign atoms or coupling with a substrate. This opening of the band gap paves the way to the realization of germanene based field-effect devices. In this topical review we will (1) address the various methods to synthesize germanene (2) provide a brief overview of the key results that have been obtained by density functional theory calculations and (3) discuss the potential of germanene for future applications as well for fundamentally oriented studies.
Introduction
The discovery of graphene, the first 2D material, has led to a cornucopia of new and exciting physics [1] . Graphene consists of sp 2 hybridized carbon atoms that are arranged in a planar configuration. The observation that a single free-standing sheet of atoms is stable was already quite a surprise, since the Mermin and Wagner theorem [2] states that a 2D crystal cannot exhibit long-range order at any finite temperature. In 1987 Nelson and Peliti [3] performed a theoretical study on the intricate interplay between crystalline order and thermal fluctuations in crystalline membranes. They showed that the anharmonic coupling between in-plane and out-of-plane (flexural) lattice vibrations is of crucial importance for the stability of a membrane, without this anharmonic coupling the membrane would be fully crumpled. As a result of this anharmonic coupling, the membrane becomes overall more or less flat, but the membrane displays strong intrinsic corrugations (ripples) that are characterized by a power-law behaviour of the atomic-displacement correlations functions. The system remains approximately 2D (with typical out-of-plane displacements that are much smaller than the sample size) and approximately crystalline (with a crystalline order which is preserved at finite, but very large distances) [4] [5] [6] . At least for rigid systems, such as graphene, this means that one can safely use the term '2D crystal' for any practical purpose [5] . Experimental studies have revealed that freely suspended graphene is indeed rippled [7] .
The impressive rise of graphene has spurred many scientists to look for alternative 2D materials. The exploration of this new realm of 2D materials has barely begun, its promises have not yet fully materialized, and the extent of its potential for new physics and devices remains largely unexploited. The most obvious alternatives for graphene are the group IV elements, i.e. silicon and germanium [8] [9] . The electron configurations of germanium, silicon and carbon are very similar since all three elements have four electrons in their outermost s and p orbitals. The energetically most favourable crystal structure of silicon and germanium is the diamond structure [10] . The diamond lattice consists of two interpenetrating fcc sub-lattices and each atom of these fcc sub-lattices is surrounded by four neighbours. The covalent bonds between the atoms are all equivalent and have a hybridized s, p x , p y , p z character (sp 3 ). For carbon, another allotrope is found in nature that consists of a stack of sheets with a honeycomb structure (graphene). This carbon allotrope is named graphite and is under normal conditions, i.e. room temperature and atmospheric pressure, thermodynamically more stable than the carbon allotrope that has the diamond structure [11] . The three in-plane covalent bonds of graphene make angles of 120° with each other and have a hybridized 2s, 2p x and 2p y character (sp 2 ). 2p z electrons are itinerant and distributed throughout the whole carbon sheet, making the system metallic. These 2p z orbitals give rise to the formation of the π bonding and π * antibonding orbitals, which are largely responsible for the van der Waals interaction between the graphene sheets in graphite. For silicon and germanium such graphite-like allotropes have not been found in nature and therefore the silicon and germanium 'graphite' allotropes, hereafter referred as silicene and germanene respectively, are appealing candidates for synthesis.
Germanene, silicene and graphene share several very peculiar and interesting electronic properties. The electrons near the K and K′ points of the Brillouin zone behave as relativistic massless particles. The electronic states of graphene near the Dirac points are described by a linear dispersion relation with a Fermi velocity of about 10 6 m s −1
. Already in the first experimental studies charge carrier mobilities as high as 15 000 cm 2 (V s) −1 have been obtained [1] . Another hallmark of these 2D Dirac materials is that they display an anomalous ('half-integer') quantum Hall effect, which we will briefly touch upon in section 4. There are, however, also a few differences between germanene and silicence on the one hand and graphene on the other hand. Firstly, the honeycomb lattice of graphene is fully planar, whereas the honeycomb lattices of germanene and silicene are predicted to be buckled [12] [13] [14] (see figure 1) . Secondly, due to the larger atomic number of germanium and silicon as compared to carbon, these materials have a much stronger spin-orbit coupling. A small buckling will increase the spin-orbit coupling by orders of magnitude [5] . The spinorbit coupling results in the opening of a small band gap at the Dirac points in the interior of the material, topological protected gapless helical modes at the edges of the 2D material and a quantum spin Hall effect which is characterized by spin current transport via the edges modes [15, 16] . The spin-orbit gap in graphene, silicene and germanene are <0.05 meV, 1.55 meV and 23.9 meV, respectively [17] [18] [19] [20] [21] . This means that the quantum spin Hall state is only experimentally accessible for silicene and germanene [22, 23] .
The first reports on the synthesis of silicene date back to 2010 [24] [25] [26] [27] [28] [29] , followed by germanene in 2014 [30] [31] [32] [33] . Meanwhile silicene has been grown on several substrates (Ag(1 1 0), Ag(1 1 1), ZrB 2 (0 0 0 1) and Ir (1 1 1)) and characterized by a variety of surface science techniques [24] [25] [26] [27] [28] [29] 34] . Since there are already several reviews on silicene [35] [36] [37] , we will restrict ourselves here to germanene. It is important to point out here that there are, besides graphene, silicene and germanene, a few more theoretically predicted 2D Dirac materials, such as stanene (Sn), d-wave superconductors (YBCO, LSCO), and transition metal-oxides as (VO 2 ) n /(TiO 2 ) [38] .
In the last few years we have seen a flood of articles on other types of 2D materials such as phosphorene, arsenene, transition metal(di)chalcogenides (i.e. MoS 2 , GaSe, WSe 2 , WTe 2 ), organic crystals and artificial 2D lattices [38] .
In this topical review we will attempt to give an update on the current status of germanene. We will start with a brief theoretical section where also density functional theory calculations of free-standing single-layer and bilayer germanene are presented. In section 3 the various methods to synthesize germanene will be presented and discussed. Subsequently we will present a section that discusses the peculiar electronic properties of germanene. We will elaborate on how the quantum spin Hall effect can be measured and how a substantial band gap can be opened in germanene. The review ends with a brief outlook that touches upon several technical issues that need to be solved before germanene-based electronic components come within reach.
Theoretical calculations
The first quantum mechanical ab initio calculations on 'graphite-like' silicon and germanium sheets were performed by Takeda and Shiraishi [12] . They found that the configuration with the lowest energy is buckled, i.e. the two sub-lattices of the honeycomb lattice are slightly displaced with respect to each other in a direction normal to the sheet. The ab initio calculations of Takeda and Shiraishi also revealed that silicene and germanene are semi-metals. Although these authors did not explicitly discuss the k-dependence of the electronic states that are responsible for the semi metallic character, it is clear from their energy band structure calculations that the dispersion relations are linear in k. In a later tight binding calculation Guzmán-Verri and Lew Yan Voon [13] pointed out that silicene has Dirac cones at the K and K′ points of the Brillouin zone. These Dirac cones are robust against the buckling of the silicene lattice and therefore free-standing silicene is a 2D Dirac fermion system. A few years later Cahangirov et al [14] arrived at a similar conclusion for germanene and also demonstrated its structural stability with respect to atomic vibrations.
Since the theoretical prediction of stable free-standing germanene [14] , its electronic and structural properties have been extensively studied by means of density functional theory (DFT) calculations [14, [39] [40] [41] [42] [43] [44] [45] . The calculations that are presented here are performed using the projected augmented wave (PAW) method [46] within the generalized gradient approximation (GGA) [47] as implemented in the VASP package [48, 49] . In comparison to graphene, the (π/π * )-bonding in germanene is significantly weaker [40] . Apart from the increased interatomic distance, this results in a smaller energy splitting between the bonding and antibonding orbitals having significant consequences for the structure of germanene. Specifically, as can be deduced from the band structure of planar germanene ( figure 2(a) ), the low lying antibonding bands are partially occupied in the vicinity of the Γ-point, resulting in a finite density of states at the Fermi level. Being unfavourable from an energetic point of view, such states tend to be unoccupied, which is achieved in free-standing germanene by forming a buckled structure (figure 2(c)) at the expense of lowering the point group symmetry from D 6h to D 3d [41] . The buckling Δ, that is the vertical separation between the two sub-lattices, is ultimately determined by a balance between the electronic and elastic energies. For free-standing germanene, DFT studies report Δ in the range of 0.64-0.74 Å [44] , depending on the computational scheme. Although configurations with a considerably larger buckling (>2 Å) also appear at the total energy landscape [12, 42] , they do not seem to be realistic in view of the presence of imaginary modes in the phonon spectrum, implying dynamical instability of the corresponding structures. The buckling of germanene plays a crucial role in the formation of its intrinsic electronic properties. Particularly, the non-planar geometry along with a strong spin-orbit interaction in germanene facilitates the opening of a considerable band gap at the Dirac point of the order of the thermal energy at room temperature (~24 meV) [20, 44] .
The structural and electronic properties of germanene can be significantly modified by interactions with the underlying substrate [44, 45] . One mechanism that has been proven to be relevant for the magnitude of the buckling is lateral strain [39, 43] , appearing for deposited structures due to improper matching between the lattice constants of the substrate and adsorbed layer. Similar to graphene, sub-lattice symmetry in supported germanene is generally not preserved, resulting in the opening of a band gap [44, 45] .
Group IV element analogues of few-layer graphene, bilayer graphene in particular, have been studied theoretically and experimentally. Specifically bilayer silicene has been explored in quite some detail. DFT calculations of free-standing bilayer silicene predict several (meta)stable structures, where the two silicene layers are either in an AA or AB stacking [50] [51] [52] . Calculations of free-standing bilayer germanene give two similar, locally stable, optimized structures, with an AA-stacked structure (see top panels of figure 3 ) that is ~23 meV/atom more stable than an AB-stacked structure (see bottom panels of figure 3 ). The two Ge layers in the AA structure are planar, whereas in the AB structure they are buckled, reflecting an sp 2 -and sp 3 -type bonding in the AA and AB structures, respectively. The sp 2 bonding in the AA structure does not give rise to a strong intra-layer π-bonding like in bilayer graphene, however. In bilayer graphene the intra-layer bonding is strong, and the interlayer bonding originates from a weak, van der Waals interaction. In contrast, in AA bilayer germanene the intra-and interlayer interactions are of comparable strength. This is reflected in the structure, where both the intra-and the interlayer Ge-Ge bonds have a bond length of 2.56 Å. In the AB structure the intra-and interlayer GeGe bonds have bond lengths of 2.49 Å, respectively 2.68 Å, which indicates that also in this structure intra-and interlayer interactions are comparable.
The strong interlayer bonding in bilayer germanene yields an electronic structure that is very different from that of bilayer graphene. In the bilayer germanene AA structure band minima at Γ and at M can be found close to the Fermi level, whereas the band maxima are located at Γ and ~0.6 ΓK, respectively (see figure 3(b) ). The AB structure shows band minima at ~0.9 ΓK, and band maxima at Γ and ~0.9 ΓK close to the Fermi level, respectively (see figure 3(e)). DFT calculations with a conventional functional (PBE) based upon the generalized gradient approximation (GGA) [47] , yield a semimetal for both structures. It is conceivable that a gap will be opened if a more advanced approach, such as GW [53, 54] , is used to calculate the spectrum. The local stability of both the AA and AB structures is demonstrated by the corresponding phonon spectra, in particular by the absence of any modes with an imaginary frequency, see figures 3(c) and (f). In biand multilayer graphene the weak interlayer bonding gives rise to low frequency optical modes [55] . The absence of any such modes in bilayer germanene is consistent with a strong interlayer bonding.
Whether adsorption of germanene or bilayer graphene on a substrate preserves the free-standing structures obviously depends on the interaction with the substrate. Adsorption of graphene, or its insulating counterpart, hexagonal boron nitride (h-BN), on metal surfaces ranges from weak physisorption to strong chemisorption, depending on the substrate [56] [57] [58] [59] [60] [61] . The perturbation of the (electronic) structure of graphene then increases with increasing graphene-substrate interaction. Silicene is generally more reactive than graphene. The substrate-adsorbent interaction in silicene on Ag (1 1 1) , for instance, is considerable, and although the adsorption preserves the hexagonal structure of silicene, the Ag substrate induces a sizable out-of-plane buckling of the Si atoms [62] . Hybridization between the silicene and the Ag states then leads to a large perturbation of the silicene electronic structure. Given the similarities between silicene and germanene, it is reasonable to assume that germanene behaves more like silicene than like graphene, when adsorbed on a metal substrate. Various structural models have been proposed to describe the existing experiments on germanene [30] [31] [32] [33] , see the next section. Their reliability has however not been unequivocally established. It is, for instance, worth noting that the honeycomb structures observed in the STM experiments on Au-Ge and Pt-Ge [30] [31] [32] can also be attributed to the hexagonal (1 1 1) surfaces of Ge 2 Pt or Ge 2 Au fcc crystals, where the honeycomb termination only might be visible in experiments due to the unequal electronic density in the vicinity of Ge and Pt (Au) atoms and also due to the symmetry-governed vertical displacement of surface atoms.
Synthesis of germanene
The synthesis of germanene and germanene-related materials was initiated by a report by Bianco et al [63] on the preparation and exfoliation of germanane (GeH). Germanane, i.e. hydrogen terminated germanene, was successfully prepared via the topochemical deintercalation of CaGe 2 . Germanane sheets can be obtained by simple exfoliation of the layered van der Waals solid. At ambient conditions germanane is very stable and only oxidizes in a time span of several months. This stability is an important prerequisite for the usage of germanane in any technological application. The strong potential of germanane for technological applications is fueled by theoretical calculations, which predict a direct band gap of 1.5 eV and an electron mobility that is substantially higher than that of bulk germanium [64, 65] .
As pointed out in the preceding section free-standing germanene is stable against local lattice distortions. To date germanene has been reported to be synthesized on only a few substrates. In July 2014 Li et al [30] reported the growth of germanene on Pt(1 1 1). Germanium was deposited on a pristine Pt(1 1 1) substrate at room temperature under ultrahigh vacuum conditions from a germanium rod mounted in an electron-beam evaporator. After deposition the Pt substrate was annealed at a temperature in the range of 600-750 K for 30 min. Using low energy electron diffraction and scanning tunneling microscopy they found a (√19 × √19) periodicity with respect to the Pt (1 1 1) substrate. Their scanning tunneling microscopy data revealed the presence of a continuous and well-ordered (√19 × √19) superstructure, which they interpreted as a germanene adlayer on the Pt (1 1 1) substrate. Unfortunately, Li et al [30] did not manage to obtain atomic resolution. Line scans recorded with a scanning tunneling microscope showed that the (√19 × √19) superstructure has a corrugation of about 0.6 Å. The authors ascribed this corrugation to Ge atoms that are located at different positions on the Pt (1 1 1) substrate. A density functional theory calculation revealed that the (√19 × √19) superstructure coincides with a germanene layer that has a (3 × 3) periodicity (see figure 4(A) ). Recently, Švec et al [66] suggested that the (√19 × √19) reconstruction on Pt (1 1 1) is actually not germanene, but a surface alloy composed of Ge 3 Pt tetramers that resembles a twisted kagome lattice. These authors based their conclusion on a comprehensive study of the closely related Si/Pt(1 1 1) system.
The second paper on the synthesis of germanene is by Davila et al [31] . They reported the growth of germanene on Au (1 1 1) . These authors performed a combined scanning tunneling microscopy and low energy electron diffraction study and they identified three different phases: a (√7 × √7)R19.1° phase, a (5 × 5) phase and a (√19 × √19)R23.4° phase (all referred to the periodicity of the Au (1 1 1) substrate) . The (√7 × √7) phase (also referred as the (√3 × √3 phase) exhibits a nearly flat honeycomb structure. Based on these observations Davila et al ascribed the (√7 × √7) phase to germanene (see figure 4(B) ). Their conclusion is supported by synchroton radiation core-level spectroscopy measurements and density functional theory calculations.
A few days after the appearance of Davila's publication another paper appeared by Bampoulis et al [32] , where the formation of germanene terminated Ge 2 Pt clusters was reported. Bampoulis et al deposited a few monolayers Pt on a Ge(1 1 0) substrate and subsequently annealed the sample at 1100 K. The bulk phase diagram of Pt-Ge system exhibits an eutectic at 1043 K. This occurs at a composition of 22% and 78% Pt and Ge, respectively. Low energy electron microscopy (LEEM) images revealed that slightly above this eutectic temperature liquid drops are formed and move as large entities across the surface [32] . Interestingly, for the other low-index surfaces of germanium an eutectic top-layer is formed, rather than droplets. [67] [68] [69] [70] . This difference is due to the relatively high surface free energy of Ge(1 1 0) as compared to the Ge(0 0 1) and Ge(1 1 1) surfaces [71, 72] . Upon cooling down the eutectic Pt 0.22 Ge 0.78 droplets that have been formed on the Ge(1 1 0) surface they solidify and spinodal decomposition occurs. The eutectic phase separates in a pure Ge phase and Ge 2 Pt phase, respectively. The phase with the lowest surface free energy, i.e. Ge, segregates towards to the surface of the droplet, whereas the interior is composed of the other phase, i.e. the Ge 2 Pt alloy. After solidification the surface of the droplets exhibit a buckled honeycomb structure. Scanning tunneling microscopy images reveal and atomically resolved buckled honeycomb lattice with a nearest-neighbor distance of 2.5 ± 0.1 Å (see figure 4(C) ). Bampoulis et al [32] also found that the honeycomb lattice is buckled and composed of two triangular sub-lattices, which are displaced with respect to each other by only 0.2 Å. This buckling is much smaller than the 0.65 Å that is reported in several density functional theory calculations for free-standing germanene. As has been shown above free-standing germanene is metallic for buckling values smaller than about 0.6 Å. The scanning tunneling spectra reported by Bampoulis et al [32] revealed a metallic-like behavior. Two remarks are in place here (1) it is very well possible that the electronic states of the germanene top layer hybridizes with the underlying substrate and (2) the recorded scanning tunneling spectra are also affected by the electronic structure of the scanning tunneling microscope tip.
The recent most paper on the growth of germanene is by Deviraz et al [33] and appeared in 2015. These authors found a (3 × 3) (referred to the Al(1 1 1) surface) reconstruction on Al(1 1 1) which they ascribed to germanene (see figure 4(D) ). The (3 × 3) reconstruction forms a continuous layer that covers the Al(1 1 1) and has domain sizes of 100 nm, or larger. Density functional theory calculations showed that the unit cell consists of eight Ge atoms. The observed buckling is due to the fact that two out of the eight atoms of the (3 × 3) unit cell are displaced upwards. The low energy electron diffraction and scanning tunneling microscopy observations are in agreement with their density functional theory calculations.
Although the experimental studies have revealed honeycomb-like reconstructions [30] [31] [32] [33] it remains to be seen if the grown germanene indeed behaves as a 2D Dirac fermion system. Angle-resolved photoemission experiments are needed to reveal if the synthesized germanene sheets indeed have Dirac cones at the K points of the surface Brillouin zone. Another test would be to apply a magnetic field normal to the germanene sheet and measure the Landau levels with for instance scanning tunneling microscopy [73] . The presence and separation of the Landau levels will immediately reveal whether one deals with a 2D electron gas or a 2D Dirac fermion system.
To date germanene has only been grown on metallic substrates. It is very likely that the relevant electronic states of germanene near the Fermi level hybridize with electronic states of the metallic substrate and destroy the 2D Dirac character of the germanene. It would be a huge step forward if germanene could be synthesized on a wide band gap material. A possible candidate would be hexagonal boron nitride (h-BN). h-BN has a band gap of about 6 eV and its lattice constant (2.5 Å) is almost identical to the nearest neighbor distance of germanene (see figure 5 ). 
Outlook: the future of germanene

Anomalous quantum Hall effect
The electrons in the vicinity of the Dirac points in freestanding germanene are described by the relativistic variant of the Schrödinger equation, the Dirac equation [6, [74] [75] [76] [77] . A standard tight binding calculation reveals that there are two conical bands at the K and K′ points of the Brillouin zone, respectively. The dispersion relation is linear, i.e. = E v k F , where v F is the Fermi velocity and the reduced Planck constant. The Dirac cones lead to a zero density of states at the Fermi level and a linear in energy density of states away from the Fermi level. The peculiar electronic structure of 2D Dirac materials leads to a number of intriguing physical properties. As already pointed out in the introduction the anomalous quantum Hall effect is one of these intriguing properties. For a conventional 2D electron gas the Landau levels are equidistant and the separation between consecutive levels is given by ω c , where
is the cyclotron frequency with B a magnetic field normal to the 2D system. For a 2D Dirac system, however, the energy spectrum is given by ± v n eBn F (n = 0, 1, 2, …). Importantly, zero-energy Landau level (n = 0) exists which is topologically protected with respect to possible inhomogeneity of magnetic field (or pseudomagnetic field created by deformations) [6] . Since this level is equally shared by electrons and holes the Hall conductivity per channel turns out to be half-integer (in the units of e 2 /h) instead of normal integer quantization. This anomalous quantum Hall effect is one of the most powerful tests to check whether a 2D material is indeed a Dirac fermion system. There is yet another intriguing aspect that needs to be mentioned namely the Klein paradox [6] . A quantum mechanical particle with energy E has a non-zero probability to overcome a potential barrier U that is larger than E (tunnelling). For nonrelativistic particles, the transmission probability decays exponentially with the height and the width of the barrier. In the case of 2D Dirac fermion materials, however, the transmission probability for electrons that incident normally is always equal to unity independent of the actual height and width of the barrier.
Quantum spin Hall effect
One of the most appealing properties of germanene is its large spin-orbit gap of about 24 meV. The latter implies that this 2D material is the ideal candidate for the observation of the quantum spin Hall effect (QSHE). The QSHE is of broad interest because of its scientific importance as a novel quantum state of matter and its potential for technological applications in the fields of spintronics, valleytronics and quantum computation.
In a conventional quantum Hall system the applied external magnetic field causes the electrons to move in well-defined circles. The electrons, which all orbit in the same clock (or anti-clock) wise direction, bounce back at the edges of the sample leading to a net flow of current along the edges of the sample. This current flows in one direction, and therefore, no back-scattering can occur resulting in a dissipation-less flow of charge. In contrast to the quantum Hall effect, the quantum spin Hall effect does not require an external magnetic field [15, 16] . The spin-orbit coupling leads to an internal magnetic field that couples to the spin of the electrons. This asymmetry will result into two spin-polarized conduction channels at the edges of the 2D material that propagate in opposite directions, the so-called gapless helical edge modes. The QSHE is therefore characterized by a vanishing charge Hall conductance and a quantized spin Hall conductance of 2e/4π (an electron with charge e carries a spin /2 and therefore the spin Hall conductance becomes ( ) ( ) π ⋅ = e h e e 2 / /2 2 /4 2 ). The QSHE in 2D materials was first proposed by Kane and Mele for graphene in 2005 [15, 16] , however due to the very small spin-orbit coupling in graphene extremely low temperatures are required for the realization of the QSHE state. In 2006 Bernevig, Hughes and Zhang predicted that the QSHE can also occur in CdTe/HgTe/CdTe quantum wells [78] . By varying the thickness of the quantum well, the band structure can be switched from a normal to an 'inverted' type at a critical thickness. Shortly after this prediction the QSHE state in a CdTe/HgTe/CdTe quantum well was experimentally confirmed by König et al [79] . These authors convincingly demonstrated at low-temperatures (T < 1.4 K) the presence of an edge conductance e h 2 / 2 that only exists beyond the critical layer thickness of the quantum well.
The spin-orbit coupling depends on the atomic number and therefore silicene and germanene, which exhibit spin-orbit gaps of 1.55 meV and 23.9 meV, respectively, are very attractive 2D materials regarding the possible observation of the QSHE. Germanene is particularly appealing because it would allow to observe the QSHE at temperatures near room temperature. The most straightforward test to check the presence of the topological protected edge modes, which is one of the hallmarks of the QSHE, is by making a spatial map of the differential conductivity at zero bias ((dI/dV ) V=0 ). In the interior of the 2D topological insulator there will be a spin-orbit gap, whereas this gap closes at the edges of the 2D material. Spatial maps of the differential conductivity can be obtained by recording IV traces using scanning tunnelling microscopy with the feedback disabled. Alternatively the differential conductivity can be obtained directly by adding a small sinusoidal voltage to the sample bias and subsequently measure the differential conductivity using a lock in amplifier.
As discussed above the QSHE is characterized by a quantized spin Hall conductance and a vanishing charge Hall conductance. In the absence of an external bias the spin-up current that flows in one direction along the edges is fully cancelled by the spin-down current that flows in the opposite direction (see figure 6 ). The latter does not hold for the spin current, because spin-up and spin-down currents that flow in opposite directions add up and therefore the total spin conductance is 2e/4π [80] . Upon the application of an external bias the quasi Fermi levels of the left and right propagating spin-up and spin-down electrons are not equal anymore and this results into a net flow of electrons with conductance e 2 /h. At the opposite edge the position of the quasi Fermi levels are reversed and therefore also here we have a net flow of electrons (now in the same direction) with conductance e 2 /h. The total edge charge conductance in case of an applied bias is therefore e 2 /h + e 2 /h = 2e 2 /h. By using a multi-probe scanning tunneling microscope the edge conductance can be measured as a function of temperature as well as the number and separation of the probes. The separation between the probes should be smaller than the elastic mean free path of the charge carriers (λ MFP ~ 1000 nm for a charge carrier mobility of ~10 5 cm 2 (V s) −1 . It should be emphasized here that the number of probes could affect the transport measurement. A straightforward LandauerBüttiker analysis reveals that the four-terminal conductance is given by G 14,23 = I 14 /V 23 = 2e 2 /h, whereas the two-terminal conductance is G 14,14 = I 14 /V 14 = 2e 2 /3h [75] . The separate positioning of four scanning tunnelling microscope tips is far from trivial, however Baringhaus et al [81] recently demonstrated that the conductance of graphene nanoribbons can be measured using this method.
Recently, Seixas, Padilha and Fazzio [82] proposed that the QSHE might also be observed in germanene nanoroads embedded in a hydrogenated germanene (germanane) matrix. These nanoroads can be experimentally realized by local hydrogen dissociation of germanane.
Opening of a band gap in germanene
In order to open a band gap in germanene or silicene charge should be transferred from one sub-lattice to the other sub-lattice. Due to the buckling it is easier to open a band gap in germanene and silicene than in their planar counterpart graphene [83, 84] . The band gap at K and K′ points of the Brillouin zone of germanene upon the application of an electric field with the voltage V in a direction normal to the germanene sheet is given by,
where σ = ±1 refers to the spin and 1 ξ = ± to the K and K′ points, respectively. Δ SO denotes the spin-orbit coupling. From equation (1) , the smaller gap closes resulting in a transition from a topological insulator to a semi metal. For electric fields larger than the critical field germanene becomes a normal band insulator. Thus, upon increasing the electric field the gap of germanene first closes and then opens again (see figure 7 for a simple schematic diagram).
Besides the interesting topological aspects of the band gap opening in germanene it also opens the door to the realization of germanene based field-effect devices, such as for instance a transistor [85, 86] . One should realize that for a proper operation of such a germanene based field-effect transistor a band gap opening of at least 300-400 meV is required.
There are several ways to open a band gap in germanene via the transfer charge from one sub-lattice to the other. As has been shown in the preceding paragraph one way to realize this charge transfer is by applying an external electric field in a direction perpendicular to the germanene. For graphene the application of an electric field does not result into the opening of gap because graphene is completely flat and so the electric field only leads to a shift of the potential. For silicene Ezawa [87] [88] [89] [90] and Drummond et al [91] have predicted that silicene undergoes an interesting topological phase transition as a function of the applied electrical field. In the absence of an electric field silicene is a Z 2 topological insulator. With increasing applied electric field the band gap first closes (at a critical electric field, E c , of 20 meV Å −1 ), and subsequently the gap opens again (the gap opening increases linearly with applied electric field). At the critical electric field there is a gapless spin-up band at the K point of the Brillouin zone, whilst the spin-down band is gapless at the K′ point of the Brillouin zone. For electric fields larger than E c there are no gapless edge modes and thus we are dealing with a normal band insulator. For electric fields exceeding ~0.5 V Å −1 the calculations of Drummond et al [91] revealed that the conduction band at the Γ point and the valence band at the K point start to overlap leading to semi-metallic behavior of silicene. Given the similarity between silicene and germanene one expects a similar behavior for germanene, albeit the external applied electric field that is required to close the spin-orbit gap is larger for germanene [92] .
One could also try to manipulate the charger transfer between the two sub-lattices via chemical ways, for instance via the adsorption or intercalation of foreign molecules or via coupling with a substrate [93] . The drawback of these chemical methods is, however, that the electronic band structure of germanene might be severely affected. In case one aims at field-effect applications of germanene it is not a problem that the Dirac nature of the material is lost, but it is much more important that the modification of the electronic structure does not lead to a severe degradation of the charge carrier mobilities. Another route to manipulate the electronic structure is to apply an external strain [94] , possibly in combination with the application of an external electric field [95] .
For silicene Quhe et al [96] have predicted that band gap openings as large as 0.5 eV can be realized via the adsorption of alkali atoms on one side of the silicene sheet. A band gap of 0.5 eV would result into an on/off ratio of 10 8 , which meets the requirement for field-effect based applications. Using density functional theory calculations Ni et al [97] showed that a band gap in silicene can also be opened by the adsorption of metal atoms, such as Cu, Ag, Au, Ir and Pt. Some of these metals give rise to n-type doping (Cu, Ag and Au), whereas Ir results into p-type doping and Pt has hardly any effect on the doping level of the silicene. Ye et al [44] showed that a sizeable band gap in germanene can be realized by the adsorption of alkali metal atoms [98] . They claim that the band gap can be tuned from 0.02 eV to 0.31 eV by varying the coverage of adsorbed alkali atoms. The effective masses of the electrons and holes near the K and K′ points of the Brillouin zone after the adsorption of alkali atoms are relatively small and therefore the carrier mobilities are expected to be affected only marginally. Since germanene has only just recently been synthesized experimental studies of the tuning of germanene's band gap that could test the abovementioned theoretical predictions are not yet available.
As a final remark we would like to mention that germanene nanoribbons also might have a band gap and therefore these nanoribbons can serve as the basis for a field-effect transistor [98] . However, in order to realize band gaps in germanene in the range of 0.3-0.5 eV the nanoribbons should have a width of only a few atoms, which renders this scenario very challenging from an experimental point of view. For germanene's counterpart, i.e. silicene, a number of possible scenarios to realize a silicene-based field-effect based transistor have already been put forward [99] [100] [101] [102] . Early 2015 the realization of the first silicene transistor was reported by Tao et al [86] . Despite the fact that the lifetime of this silicene transistor was only a few minutes the achievements of Tao et al are impressive given the challenging experimental hurdles that they had to overcome.
Conclusions
In summary, germanene's debut has been impressive, but there are still many aspects that require further study. The first point of concern is to validate that the reported honeycomb lattices are indeed composed of germanium atoms. The second, and equally important, point of concern deals with the electronic structure of the germanene layers. To date there is no experimental evidence whatsoever that the germanene layers that have been synthesized so far are indeed 2D Dirac systems. Since it is of utmost importance to decouple the relevant electronic states of the germanene layer from the underlying substrate the most straightforward approach is to synthesize germanene on materials with a substantial band gap. Once it has experimentally been settled that the synthesized germanene is indeed a 2D Dirac material the door to several very intriguing and interesting experiments, such as the quantum spin Hall effect and the opening of the band gap of germanene, is opened [103] .
Regarding the applicability of germanene in the microelectronic industry we envisage that for the realization of a germanene transistor the same hurdles need to be overcome as for a silicene transistor. For instance, the reactivity of germanene regarding oxygen and water as well as the interaction of germanene with the substrate are expected to be very comparable to silicene. In order to protect these 2D materials to ambient conditions and electronic coupling with the substrate, encapsulating them with a wide band gap material, such as h-BN, Al 2 O 3 [104] or AlN, is most probably the best solution. As already pointed out in section 3 h-BN, has a nearly perfect lattice match with germanene and is therefore a very appealing substrate for the growth of germanene. High quality single h-BN layers are nowadays routinely grown by thermally cracking of borazine B 3 H 6 N 3 on various metal substrates, such as Ir (1 1 1), Cu(1 1 1), Ni(1 1 1) and Rh(1 1 1) [105] [106] [107] [108] [109] [110] . It remains however to be seen if the deposition of germanium on h-BN indeed leads to the formation of germanene.
With the current information at hand there are no major differences in the expected performance of silicene and germanene transistors. An advantage of germanene are the large intrinsic carrier mobilities, which are predicted to be a factor of 2-3 higher than the intrinsic carrier mobilities of silicene [21] . This difference is attributed to the weak coupling of charge carriers with in-plane phonons and the large buckling of germanene. A disadvantage of germanene is, however, that germanene is not as compatible with the current silicon-based microtechnology as silicene.
